Population geneticists have shown that the effects of local extinction and recolonization on selectively neutral genetic diversity are sensitive to the number of individuals that migrate between groups. Here, we employ a spatially explicit metapopulation model to investigate the extent to which the effects of local extinction on selectively neutral cultural diversity and change are sensitive to intergroup cultural transmission -the rate at which cultural variants are transmitted between groups. Our results show that the level of intergroup cultural transmission as well as the topology of the social network that mediates cultural transmission between groups influence the way in which local extinctions affect total diversity, group differentiation, and the rate at which copy errors accumulate in structured populations. The results are discussed in the context of the archaeological record of Middle and Upper Paleolithic societies.
Background
The archaeological record of the Middle Paleolithic (MP) in Eurasia -or Middle Stone Age (MSA), as it is known in Africa -includes cultural material deposited by hominins between roughly 250,000 and 30,000 years ago. A number of morphologically distinct hominin populations (including Neandertals and anatomically modern humans, among others) inhabited much of the Old World during this period. Given the relatively low temporal resolution of both the archaeological and human paleontological data, it is difficult to attribute MP culture material to any particular fossil hominin species. The vast majority of the archaeological material recovered from this period includes the products and by-products of stone tool manufacture.
The archaeological record also offers some hints that intergroup connectedness may have been relatively low in MP populations. Material transport distances can serve as proxies for the level of intergroup connectedness in past social networks. The Lower Paleolithic is characterized by relatively short material transport distances, with the vast majority of lithic tools made on local raw materials (sources located within 20 km). A comprehensive study of the late Middle Paleolithic in Europe shows that raw material transport distances are rarely greater than 50 km and that the upper limit to transport distances appears to be just ∼100 km [6, 7] . By contrast, it appears that raw materials were regularly transported over long distances by UP societies [7, 10] , including examples of shell transported over many hundreds of kilometers. Differences in transport distances between the MP and UP in Europe may indicate differences in mobility patterns and/or differences in the structure of hominin social networks [6, 7, 9, 10] . While total diversity, group differentiation, and rates of cultural change will vary as a function of intergroup cultural transmission rate, the magnitude and possibly the direction of these effects are likely to depend in large part on the topology of the social networks that connect members of different groups. Social networks can take many forms. Unfortunately, the available archaeological evidence from the Paleolithic is not diagnostic of any single topology.
Methods
Sewell Wright [46] first proposed that the process of local extinction and recolonization would enhance the effect of genetic drift among local subpopulations, leading to a higher degree of genetic differentiation among groups. Subsequent work has shown this to be true under many, but not all, conditions [21, 41, 44] . Slatkin [35] [36] [37] and others [41, 44] have shown that local extinction and recolonization can under certain conditions serve more like gene flow, dampening the effects of drift among groups and constraining group differentiation. Furthermore, it has also been shown that increasing the rate of local extinction leads to a loss of neutral diversity at the level of the metapopulation [21, 41, 43] . Most of this theoretical work has been done with metapopulation models.
At the heart of any metapopulation model is a population structured into n groups, each of which contains N individuals. Groups suffer local extinction with probability e, empty groups are repopulated with c colonizers, groups with fewer than N members grow to N within a single generation, and N m individuals in each group are replaced by migrants from other groups. Metapopulation models assume non-overlapping generations and random mating within groups. They also employ an "island" model of population structure, whereby individuals are free to migrate to any group regardless of geographic distance.
Spatially explicit metapopulation models have been used to address issues of cultural evolution (e.g. [27] ). Most recently, Premo and Kuhn [28] use a metapopulation model to show that increasing the rate of local extinctions can have a negative effect on total cultural diversity, cultural differentiation among groups, and the rate at which copying errors in selectively neutral cultural traits accumulate in a structured population. But Premo and Kuhn's model differs from previous models, including Slatkin's [35] and Powell et al.'s [27] , in that it does not allow for individuals or cultural variants to move between groups. This is important because it has been shown that both the size of the proportion (m) of individuals in each group that are replaced by "migrants" from other groups as well as the size and relatedness of colonizing groups affect whether the process of local extinction and recolonization will increase or decrease between-group differences at neutral loci [41, 44] .
Premo and Kuhn [28] speculate that there may be a threshold in intergroup cultural transmission above which local extinction no longer has a negative effect on neutral cultural diversity and change. To systematically investigate that possibility, here we extend the model introduced in Ref. 28 to include intergroup cultural transmission. In the model introduced below, N m represents the number of individuals per group per generation who adopt the cultural variant displayed by a member of a different group. Simulation experiments conducted with the model are used to investigate how local extinctions (e), intergroup cultural transmission (m), and social network topology affect total diversity, group differentiation, and the rate at which copying errors in selectively neutral cultural variants accumulate in structured populations.
The model
In our spatially explicit metapopulation model, a individuals serve as little more than vehicles for the transmission of selectively neutral cultural variants. Cultural variants are represented by integers. Groups (n = 100) serve to structure the metapopulation and to help operationalize local extinction and recolonization. Each group occupies a cell in a two-dimensional 10 × 10 grid-based lattice. This lattice is wrapped around a torus to avoid edge effects. Each group contains no more than N = 25 individuals. These individuals can be thought of as representing adults engaged in making and using stone tools in small foraging social units.
Each timestep in the simulation represents a single, non-overlapping generation (or, alternatively, a single metapopulation-wide round of cultural transmission). Each timestep includes five stages. The first stage includes local extinction and recolonization. The parameter, e, provides the probability per group per timestep of suffering a local extinction event. In the event of a local extinction, half of the individuals from a randomly chosen group located within the extinct group's Moore neighborhood colonize the empty cell (see description in Ref. 28 for more details).
In the second stage, N naïve individuals are added to each group. Naive individuals have yet to display a cultural variant. These newly created, naïve individuals comprise the "offspring" generation.
a The model was run in Netlogo 4.1.1 [45] . The source code and complete model description are freely available upon request.
Intergenerational cultural transmission takes place during the third stage. Cultural variants are passed from members of the "parental" generation to members of the "offspring" generation via unbiased cultural transmission within groups. That is, naïve individuals randomly choose their teachers from among the members of the "parental" generation within their groups. The probability that each naïve individual makes a mistake when copying its teacher's cultural variant is given by µ = 0.001. A copying error results in the naïve individual displaying an integer that is one step higher or lower (with equal probability) than the teacher's variant. Thus, cultural variants embark on a symmetric one-dimensional random walk with a step length of one. This bidirectional (or undirected) model of "innovation" is a reasonable first approximation of neutral cultural change for two reasons. First, new tool forms or technological behaviors commonly build incrementally on earlier ones. Second, previously "discovered" techniques and/or forms can and do reappear in the archaeological record. Note that the model explicitly considers selectively neutral traits. Although artifacts like stone tools certainly had some adaptive value, much of what archaeologists know about diversity in Paleolithic behavior concerns phenomena such as subtle variations in how stone was worked into tools or in the morphology of the tools themselves. At present, there is little evidence that these presumably culturally transmitted variants would have contributed significantly to the differential fitness of their bearers.
During the fourth stage of each timestep, all remaining members of the "parental" generation are purged from the model, leaving only the members of the "offspring" generation, all of whom have undergone intergenerational cultural transmission within their groups.
Intergroup cultural transmission occurs during the fifth and final stage of each timestep. During this stage, N m individuals in each group adopt cultural variants expressed by members of a linked group. To hold constant the number of copy errors per simulation across different values of m, copying errors are not allowed during intergroup cultural transmission. Excluding copying errors from intergroup cultural transmission may seem unrealistic, but by doing so we can later directly compare simulations with different values of m.
Social network topology can have important effects on cultural evolution [38] . In the present model, intergroup cultural transmission occurs within a social network characterized by either a global, local, small-world, or preference attachment topology. Each of these network topologies is briefly described below.
The global social network operationalizes intergroup cultural transmission in the same way that the "island" model of population structure operationalizes migration. In the global network every group is directly connected to all other groups. As a result, the average path length (the mean number of links in the shortest path between all pairs of groups), L, is minimal (L = 1) and the cluster coefficient (a measure of the "cliquishness" of a network), C, is extremely high (C = 0.99). In short, the global network creates an extremely small world, one in which every group is a member of the same clique. Additionally, any group in the global network can be reached quickly and easily from any other group through a path with a length of one edge.
In the local network each group is linked only to its four von Neumann neighbors. Average path length (L) is inversely related to network connectivity. Connectivity is reduced in the local network relative to the global network. For n = 100 groups arranged in a 10 × 10 lattice of square cells, L = 4.04 in the local network. Additionally, the local network has an extremely low cluster coefficient (C = 0). The local network results in a relatively large world, in which every group is a member of a different clique and the length of the path between any pair of groups corresponds closely to the geographic distance between them.
The so-called small-world network [42] , displays a mix of the characteristics found in regular and random networks. Consider a ring of 100 nodes, each of which is linked to its four nearest neighbors (the two nodes to either side). This is a regular network, and it is characterized by low connectivity and relatively high cliquishness (Table 1) . Now imagine that, as we move clockwise around this ring visiting each link in turn, with probability p we pluck the distal end of the link from a neighboring node and plug it into a randomly chosen node. For relatively low values of p, this "rewiring" procedure yields a small-world network [42] . The presence of just a few "distant" links in a small-world network reduces the average path length to a greater extent than it reduces the cluster coefficient. Thus, while small-world and random networks show comparable average path lengths, their cluster coefficients often differ by an order of magnitude ( Table 1) .
The small-world networks used here differ slightly from those described in Ref. 42 . Because our model is spatially explicit, the nodes of our social networks (i.e. the groups) are arranged on a lattice rather than around a two-dimensional ring. Where Watts and Strogatz [42] speak of regular and random networks, we speak of local and global networks, respectively. This is not just a difference in semantics. Regular networks have a much higher cluster coefficient than local networks, and random networks have a higher average path length than global networks. Nevertheless, one can create a spatially explicit version of the small-world network by applying Watts and Strogatz's "rewiring" technique to a local network. First, Table 1 . Identifying small-world networks. L and C values provide the means of 20 simulated networks with n = 100 nodes and a rewiring probability of p. Following [42] , networks display "small-world" prop- we randomly select (without replacement) a small proportion (0.2) of the groups. Second, for each of the randomly selected groups we delete a link to a von Neumann neighbor and replace it with a link to a randomly chosen group outside of the group's von Neumann neighborhood. "Rewiring" increases the connectivity of a local network just as in the case of a regular network. During the formation of a preference attachment network, the probability that two nodes are linked is neither uniform nor based on spatial proximity. Instead, newly added nodes are more likely to connect to nodes that already have a greater number of links. More formally, the probability that a new node will connect with an extant node is equal to the extant node's number of links divided by the total number of links in the network. This simple rule amplifies small differences in number of links that exist at the start of network formation -the "rich" (i.e., highly connected) nodes "get richer" as new nodes are added during network growth [2] . One of the defining characteristics of the preference attachment network is a high degree of variability in the number of links per node. In the three previously described networks, all of the nodes in the network display a similar, if not equivalent, number of links. In contrast, in a preference attachment network, just one or two nodes possess a relatively large number of links while the vast majority of nodes have far fewer (often just one or two) links. Barabasi and Albert [2] have shown that preference attachment networks develop a power law-like scaling relationship in the number of nodes that display a given number of links. The same pattern appears in the preference attachment networks in our simulations (Fig. 1). 
Measuring cultural diversity, group differentiation, and rates of change
Archaeologists use a variety of indices to quantify and compare the diversity of "types" -categorical variants of form, technological mode, raw material, etc. -observed in archaeological assemblages. Relatively simple measures of total diversity include richness (the number of unique variants) and evenness (the variability in the relative abundance of unique variants 
wherex ki is the average of x ki over all groups. We also apply two measures of group differentiation to our simulated cultural data. The first is a distance-based measure of cultural differentiation among groups:d
where m j and m k represent the modal cultural variants displayed by the jth and kth groups, respectively. We deal with modal variants in order to conform to the normative way Paleolithic archaeologists most often perceive and describe the material record.
F ST provides a more sophisticated measure of the degree of group differentiation in a structured population [47] [48] [49] . F ST represents the proportion of total diversity explained by between-group differences. Nei [24] generalized Wright's F ST such that it can be applied to diploid or nondiploid loci that have multiple variants and can be passed by sexual or asexual reproduction. Nei's F ST (also known as G ST ) is obtained by calculating the average diversity of the entire population (H T ), calculating the average diversity found within groups (H S ), and then subtracting from one the proportion of total diversity explained by within-groups diversity.
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The within-groups component of average cultural diversity (H S ) is defined as
where w k is the size of the kth group relative to the metapopulation and K, I, and x ki are defined above [25] . Because all groups are the same size (N = 25) at the time of data collection, w k = 1/K. Calculating F ST from H T and H S is straightforward:
To investigate the consequences of local extinction and intergroup cultural transmission on the rate of cultural change, we compare the number of copying errors that the metapopulation accumulates under different values of e and µ and different social network topologies. Even in the absence of local extinctions (e = 0) and migration (m = 0), the rate at which copying errors accumulate in the population is less than µ because of "back innovations" and because newly introduced variants are often lost relatively quickly due to the sampling effects associated with unbiased social learning within groups.
The rate at which copying errors accumulate in a group can be assessed by the absolute value of the group's modal cultural variant, which we refer to as the distance from ancestral (d A ) because all individuals display a cultural variant of "0" at the start of each non-equilibrium simulation (see below). Here, as withd G , we use the absolute value of the group's modal variant rather than the cultural variant with the maximum absolute value in order to conform to the normative way archaeologists most often perceive and compare lithic assemblages. The maximum rate of cultural change in a structured population is represented by the maximum |d A | found among its groups. We refer to this value as d A max . Because the number of cultural transmission events is held constant across all simulations and because copying errors occur in a single stepwise fashion, d A max serves as a measure for the rate at which copying errors accumulate in a metapopulation. (One might also think of this as a type of cumulative change in a selectively neutral cultural trait.)
Initialization and data collection
It is preferable to assess demographic effects on frequency-based measures of diversity such as richness, H T , H S , and F ST at equilibrium. In the absence of selection, cultural diversity reaches equilibrium when the rate that unique variants are introduced via copying errors matches the rate at which they are lost to drift. The number of generations required to reach equilibrium varies with population size, copying error rate, population structure, intergroup cultural transmission rate, and the frequency of local extinctions. Because variation is lost more quickly than it is gained in finite populations, a system reaches equilibrium more quickly when the initial metapopulation is highly polymorphic than when it is purely homogeneous. When starting with a polymorphic metapopulation, 50,000 generations are sufficient for cultural diversity to reach equilibrium in our model (see Fig. 1 in Ref. 28 ). Thus, richness, H T , H S , and F ST were collected after the 50,000th timestep of simulations that were initialized with highly polymorphic metapopulations in which each individual displays an integer chosen randomly from between zero and 10 8 . Frequency-based measures of diversity can be used with either "stepwise" or "infinite alleles" models of change. They gain generality by ignoring the ordinal nature of the integers that represent distinctive cultural variants. However, while it is appropriate to initialize the simulation with a highly polymorphic metapopulation when collecting frequency-based measures of diversity at equilibrium, this approach complicates the task of measuring the effects of local extinctions on distance-based measures. The distance-based measures of group differentiation (d G ) and of the rate of cultural change (d A max ) make use of the ordinal information contained within integers representing cultural variants. In order to study both the divergence among groups' modal variants and the rate at which copy errors accumulate using distancebased measures, all individuals must display the same cultural variant at the start of the simulation. Thed G and d A max data summarized below were collected after 50,000 timesteps in simulations initialized with metapopulations in which every individual displayed "0" as its cultural variant at time t 0 . The complementary set of results from non-equilibrium conditions allows one to study demographic effects on distance-based measures of group differentiation and culture change as a function of time elapsed rather than as a function of equilibrium.
Results
The results of our model can be used to assess how sensitive the effects of local extinction are to the rate of intergroup cultural transmission and social network topology. We employ Spearman's approximate rank correlation test as a simple way to quantify the effect of e on total cultural diversity (richness, H T ), average diversity within groups (H S ), differentiation among groups (F ST ,d G ), and the rate of cultural change (d A max ) for each of the 32 unique combinations of m and social network topology ( Table 2 ). The sign of Spearman's ρ provides the direction of the effect of e on the measure of interest. P -values greater than 0.05 are interpreted as cases where we see no effect of e. Cases in which |ρ| < 0.3 warrant little attention, even if their significance is supported by the associated P -value. Kruskal-Wallis tests for the effect of e on diversity, differentiation, or change (results not shown) regularly yield P -values greater than 0.05 for the very same cases that Spearman's rank correlation test provides P < 0.05 and |ρ| < 0.3.
Total diversity
Richness is a simple measure of total diversity. Here, richness refers to the number of distinct cultural traits observed in a metapopulation at a single point in
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Local Extinctions, Connectedness, and Cultural Evolution time. Although local extinction (e) has a strong negative effect on richness when m = 0, increased levels of intergroup cultural transmission (m) weaken and eventually negate this effect, as one would expect (Table 2) . It is worth noting that increasing m from zero to 0.04 drastically decreases mean richness from around 120 unique variants to just eight unique variants when e = 0. The size of the negative effect on richness due to this slight increase in m decreases as e increases.
H T provides a measure of total diversity that accounts for richness, evenness, and population structure. Local extinctions have a strong negative effect on H T when m = 0 (Fig. 2) . But as m increases, the effect of e on H T weakens and eventually disappears, regardless of network topology ( Table 2 ).
Group differentiation
F ST is a function of both H T and H S (Fig. 3) . Increasing the frequency of local extinctions has a negative effect on F ST in the absence of intergroup cultural transmission (Fig. 4) . This matches the predictions of previous work in population genetics [44] . Holding e constant, it is clear the proportion of cultural diversity explained by differences among groups (F ST ) decreases as the rate of intergroup cultural transmission increases (Fig. 4) . This, too, matches theory-based predictions: increased movement of neutral cultural variants between groups decreases the effects of drift among them. Indeed, between-group genetic differences at neutral loci have been shown to display the same response to even very low levels of gene flow [14, 29, 30] .
When m = 0, e has a negative effect on F ST because H T decreases while H S is unaffected (Table 2 ). This echoes similar findings by Slatkin [35] and Whitlock and McCauley [44] . However, in the presence of intergroup cultural transmission (m > 0), the effects of local extinctions on F ST vary by social network topology. The global social network is most similar to the "island" model of population structure that Wright and other population geneticists employed in their metapopulation models. As m increases, frequent local extinctions can actually increase group differentiation 
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Small-world Pref. Attach. slightly in the case of the global network, just as Wright originally hypothesized. This occurs because frequent local extinctions have a proportionally larger negative effect on H S than on H T . The positive effect of local extinction on F ST disappears again in the presence of relatively high rates of intergroup cultural transmission because there is so little within-groups diversity in the presence of high values of m that even very frequent local extinctions cannot decrease H S proportionally more than they decrease H T . The effect of increasing m in local and small-world networks is quite different from that observed in the global network. In both cases, local extinctions have no effect on F ST because e has roughly equal effects on H T and H S when m > 0. The preference attachment network provides yet a different picture. Here, the negative effect of e on F ST is surprisingly robust to increases in intergroup cultural transmission. Interestingly, only in the case of the preference attachment network do frequent local extinctions actually increase H S (Fig. 3) . These results show that intergroup cultural transmission need not be extremely rare in order for frequent local extinctions to decrease group differentiation (as measured by F ST ) in at least some social network topologies.
We observe a simpler pattern in the distance-based measure of group differentiation. The results in Table 2 show that local extinction has a strong negative effect ond G in the absence of intergroup cultural transmission (m = 0). Controlling for e, non-zero values of m generally yield lowerd G than when m = 0 (Fig. 5) . With the exception of the preference attachment network, increasing intergroup cultural transmission eventually erases the negative effect of local extinctions on group differentiation. Here, again, there is something different about the preference attachment topology.
Culture change
The negative effect of e on d A max reported by Premo and Kuhn [28] appears to be strongly dependent upon a very low rate of intergroup cultural transmission (Table 2 ). An intergroup cultural transmission rate of just m = 0.04 (one individual per group per generation) is sufficient to erase the negative effect of local extinctions on d A max observed when m = 0. This holds true for each of the network topologies tested here.
Discussion
What do these results spell for the proposition that the apparent lack of diversity, regional differentiation, and change in selectively neutral cultural variants during the MP may be better interpreted as the metapopulation-level effects of frequent local extinctions? Firstly, for some social networks it appears that frequent local extinctions can significantly decrease total diversity even in the presence of relatively high rates of intergroup cultural transmission (e.g. m = 0.16). Secondly, frequent local extinctions can decrease levels of group differentiation if intergroup cultural transmission rates are relatively low and/or the social network resembles a preference attachment network. Finally, decreased rates of change in neutral traits cannot be explained by local extinction and recolonization unless intergroup cultural transmission is extremely rare.
While available archaeological evidence suggests that intergroup connectedness among MP groups was indeed low -or, at least, lower than connectedness among UP groups -much more work is needed to characterize regional-scale social networks (but see [5, 7] ) and intergroup interaction rates during the Paleolithic. Nevertheless, given the results of this and previous [28] theoretical work, the notion that frequent local extinctions could be at least partly responsible for the patterns observed in the archaeological record of the MP remains a reasonable working hypothesis. This alternative explanation shifts the focus away from cognitive mechanisms, such as an inability to innovate or the presence of conformist biased cultural transmission, and towards behavioral and/or biological traits that impact rates of local extinction as well as the nature of cultural transmission between groups. This working hypothesis is testable to the extent that the Paleolithic archaeological record allows the study of differences in these traits.
Conclusion
It is especially interesting that some of the effects of increasing intergroup cultural transmission (m) vary so strongly across social network topologies while others do not. For example, the effects of local extinctions on group differentiation as measured by F ST can be qualitatively different from one social network topology to the next. At the same time, it appears that even very low rates of intergroup cultural transmission can negate the negative effect of e on the rate at which copying errors accumulate in a population regardless of the social network topology.
While the effects of intergroup cultural transmission and social network topology on cultural diversity, group differentiation, and change may be complex, it is clear that characterizing the structure of past social networks is important if we are to improve our understanding of how different levels of "connectedness" affected cultural evolutionary dynamics in structured populations during the Paleolithic. If one is to attribute the apparent stability of the MP archaeological record to frequent local extinctions, as suggested in Ref. [28] , then one must first identify not only the level of connectedness between Paleolithic groups but also the topology of the social network(s) that connected them. An understanding of social network structure may be less important in cases where archaeological data suggest low levels of intergroup connectedness, such as in at least some MP societies (see [40] ), but the results presented here show that the opposite is also true. This places a premium on defining the social networks of UP and late MSA societies, cases for which empirical data suggest increased levels -at least in terms of distance, if not frequency -of interaction between hominin groups. For those interested in studying cultural evolution in the Paleolithic archaeological record, understanding
